Absorption from culture solution of the herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and 3-(p-chlorophenyl)-1, 1-dimethylurea (Monuron) by excised barley (Hordeum vulgare L.) roots was studied to determine whether absorption was due to an active or a passive mechanism. Herbicide absorption was followed at low temperature, under anaerobic conditions, and in the presence of metabolic inhibitors and compounds of structure similar to that of the herbicide. Total absorption was divided into two phases, exchangeable and nonexchangeable herbicide, by washing the roots for 1 hour following absorption. Absorption of both exchangeable and nonexchangeable 2,4-D appeared to depend on a supply of metabolic energy which suggests that an active mechanism may be involved. A possible conclusion is that 2,4-D is absorbed by roots by an adsorption mechanism and that energy is required to maintain the integrity of the absorbing surfaces of the cell. In contrast, absorption of Monuron was independent of an energy supply. It is concluded that the bulk of the Monuron absorbed was taken up passively by diffusion.
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Absorption of mineral salts by plants has been extensively studied and much information on this subject now exists. Although many organic compounds, such as insecticides, fungicides, and herbicides, are applied either directly to plants, or to the soil from where they are taken up by the roots, less information is available on the absorption of organic substances.
Both physical and metabolically controlled processes have been shown to control the absorption of indoleacetic acid by pea epicotyl segments and carrot disks (20), and Avena coleoptile sections (17) . With Lemna minor the initial uptake of 2,2-dichloropropionic acid (Dalapon) was concluded to be largely under the control of physical factors, whereas the subsequent accumulation was metabolically controlled (18) . Absorption of mercuric acetate and phenylmercuric acetate by excised and intact pea roots shows both a passive and an active phase of uptake (19). Hancock (10) , using diseased and healthy squash hypocotyls, found that 3-o-methylglucose is taken up in 1This work was supported by National Science Foundation Grant GB 2309. This work is from a thesis submitted by T. W. D. in partial fulfillment of the requirements for the Ph.D. degree at the University of California, Davis. the diseased tissue by an active transport system. Two mechanisms of absorption of choline sulfate by excised barley roots have been demonstrated (15) , one being the result of active transport, while the nature of the other could not be determined.
Foy and Yamaguchi (9) found a rapid uptake of 2,4-D by excised barley roots for 30 min, followed by a loss back to the solution. It was suggested that accumulation during the 30-min period was mainly an adsorption process and, since the 2,4-D could be readily leached out, it was apparently held by rather weak bonding forces. Shortly thereafter, Yamaguchi (22) concluded that 2,4-D absorption by roots consists initially of a physical adsorption and that this adsorbed 2,4-D than acts as a source for metabolic absorption. Crafts and Yamaguchi (5) compared the absorption and translocation of a series of nine compounds applied to the roots of barley. Of these, 3-(pchlorophenyl)-l, 1-dimethylurea (Monuron) and 2-chloro-4,6-bis(ethylamino)-s-triazine (Simazine) started moving upward within 2 hr, whereas even after 4 days very little 2,4-D or IAA had entered the tops, although they were concentrated in the roots. Isensee et al. (13) concluded that the uptake and translocation of 4-amino-3, 5, 6-trichloropicolinic acid (Picloram) by oats and soybeans is a complex phenomenon governed in part by passive and active processes.
As differences in absorption may account for differences in effectiveness between herbicides, an understanding of the uptake process is desirable. The studies reported herein were conducted to determine if 2, 4-D and Monuron are absorbed by barley roots by a passive or an active mechanism, using the same criteria and methods as have been used in studies on uptake of inorganic ions.
MATERIALS AND METHODS
For all studies, "4C-labeled herbicides were used. The specific radioactivity of the 2,4-D was 1.24 mc/mmole, while that of the Monuron was 0.386 mc/mmole. For most trials, a concentration of 1 ,uM 2,4-D-14C, or 1 uM Monuron-14C, was used. Solutions of these concentrations were made up by adding 100 ,ul of a 10 mm stock solution of radioactive herbicide to 1 liter of one-quarter strength Hoagland's nutrient solution (11) . For solutions of higher concentration, additional unlabeled herbicide was added.
Culture and Treatment of Roots. Barley (Hordeum vulgare L. var. White California Mariout) roots were grown essentially according to the method described by Epstein (7) . Seeds were germinated for 24 hr in aerated distilled water at room temperature (22-23 C) and then spread on a layer of washed cheesecloth supported by a wire frame over a plastic pan containing one-quarter strength Hoagland's nutrient solution.
The culture solution was continuously aerated and growth took place in the dark at room temperature. By the 5th day from the initial soaking of the seed, the roots were 7 to 10 cm long and ready for use.
Immediately prior to the commencement of an absorption experiment, the roots were excised just below the wire screen and placed in 1 liter of aerated one-quarter Hoagland's solution. As required, roots were gently blotted dry, and 0.5-g samples were weighed and placed in 50 ml of one-quarter strength Hoagland's solution in a 125-ml Erlenmeyer flask. At the start of the absorption period, the nutrient solution was replaced by 50 ml of the treatment solution. All solutions were continuously aerated throughout the absorption period unless stated otherwise.
The absorption period was terminated by decanting the solution and washing the roots by one of the following methods:
(a) roots were washed for approximately 10 Extraction of Root Material. To determine whether 2, 4-D and Monuron were present in an unchanged form at the end of the absorption period one trial was carried out in which the radioactivity was extracted in 80% ethanol. The treatment consisted of 1.0 g of roots in 25 ml of 1 tuM 2,4-D-"C, or 10 pM Monuron-'4C, and absorption occurred for 4 hr. Following washing, the roots were placed in 25 ml of boiling 80% ethanol and boiled for 1 min. After standing overnight the samples were ground, filtered, and the extract was evaporated to dryness. The residue remaining after evaporation was taken up in 3 ml of 95% ethanol. The dried root residues and 1 ml samples of the concentrated extracts were placed in separate planchets and the radioactivity counted in a windowless gas flow GM counter.
Each extract was also chromatographed. For 2,4-D extracts, the chromatogram was developed in isopropanol-20% (w/v) ammonium acetate-glacial acetic acid (180:20:1 v/v) and for Monuron extracts in 1 -butanol-glacial acetic acid-water (4: 1: 1 v/v). The location of the radioactive spots was determined by exposing the chromatograms to Kodak blue brand medical x-ray film.
RESULTS
The total amount of herbicide absorbed during each absorption period has been divided into two fractions, exchangeable and nonexchangeable. The total herbicide absorbed is that remaining in the roots following a brief washing period of approximately 10 sec, while the nonexchangeable herbicide is that fraction remaining after washing for 1 hr in an unlabeled herbicide solution. The exchangeable fraction is that amount removed during washing for 1 hr and was calculated by the difference between total herbicide and nonexchangeable herbicide.
Time Course of 2, 4-D and Monuron Uptake. The absorption of 2,4-D and Monuron from 1 ,uM solutions after 0.5, 1, 2, 5, and 10 hr is shown in Figures 1 and 2 , respectively.
The initial absorption of total 2, 4-D occurred rapidly, reaching a maximum after 2 to 5 hr, followed by a period when herbicide was actually lost from the roots. Both the exchangeable and nonexchangeable fractions showed patterns of ab-TIME (hr) The absorption of Monuron (Fig. 2 ) appears to follow a pattern similar to that of inorganic solute uptake. A very rapid initial absorption which reached a maximum after about 1 hr was followed by a slow steady accumulation. The amount of nonexchangeable Monuron increased steadily, while the exchangeable fraction showed a slight decline with time. In other experiments where absorption was followed for longer periods, the amount of Monuron in the exchangeable fraction did not decline with time, but remained more or less constant.
Effect of Temperature. The absorption of 2,4-D and Monuron from 1 /-M solutions was measured over a half-hour period at 0.5 C and 21 C. During the 0.5-hr period, the temperature coefficient (Q1o) for absorption of total, nonexchangeable and exchangeable 2,4-D was 1.8 for each fraction. If absorption into any of these fractions was passive, the Q1o should be low; the value of 1.8 suggests that active processes may be involved.
The Q1o for absorption of the various fractions of Monuron was 1.2 to 1.3. This indicates that physical phenomena are probably involved, rather than active processes.
Effect of Anaerobic Conditions. To produce anaerobic conditions, nitrogen instead of air was bubbled through the herbicide solution. Absorption from 1 tcM 2, 4-D and Monuron solutions was measured over 2 hr and 5 hr, and the results are given in Table I . Total absorption and absorption of nonexchangeable and exchangeable 2, 4-D were all severely inhibited by anaerobic conditions, absorption being inhibited by 
mass flow is involved, a linear relationship between absorption and external concentration would be expected. However, if adsorption or an active process involving a carrier is the means whereby absorption occurs, the relationship between uptake and external concentration would be hyperbolic; i.e. as the absorption sites or the carrier system become saturated, absorption becomes independent of external concentration.
The absorption of Monuron from solutions ranging in concentration from 1 Mm to 10 ,M was also determined for 0.5-hr and 4-hr periods. In this case, the results shown in Figure 4 for the 4-hr period indicate a linear relationship between absorption and the external concentration for the various Monuron fractions. This suggests that diffusion may be the main mode of entry into the roots.
Effect of Compounds of Similar Structure. The absorption of 2, 4-D over a 4-hr period from solutions ranging in concentration from 1 /cM to 10 Mm was determined in the presence of various compounds. When 2,4,5-T at 5 jtM or 50 utM was added, the absorption of 2,4-D was severely inhibited (Table  III) . By using methods similar to those used in studying inhibition of enzyme reactions it can be determined whether the inhibition of absorption of one compound by another is competitive or noncompetitive. A plot of the reciprocal of rate of absorption against the reciprocal of 2,4-D concentration at the different 2,4,5-T concentrations shows that the inhibition is competitive in nature (Fig. 5) .
With IAA at 50 ,uM absorption of 2,4-D was inhibited and this also appeared to be competitive. In Since the activity was readily extracted from washed 2, 4-Dand unwashed Monuron-treated roots and appeared to be in the form of the parent herbicide, it is apparent that these herbicides are not metabolized or tightly bound within the roots to any marked extent during a 4-hr absorption period. To demonstrate that a compound is being absorbed by an active mechanism, it is usually required that the following conditions be fulfilled: (a) the temperature coefficient of absorption should be high, i.e., a Q., of 2 or more; (b) oxygen should be required, while anaerobic conditions should severely inhibit absorption; (c) the rate of absorption should not be a linear function of the external concentration but rather hyperbolic; (d) compounds of similar structure should compete for absorption in a manner similar to competitive inhibition of enzyme activity; (e) inhibition of absorption should be possible with a variety of enzyme inhibitors; (f) the absorbed compound should be accumulable against a concentration gradient, resulting in a higher concentration within the tissue than in the external solution, and be present within the cell in an unchanged form.
On considering the absorption of 2, 4-D into the nonexchangeable and the exchangeable fractions, it is seen that all the above criteria are satisfied. This indicates that energy is required for absorption into both fractions, which is unexpected as absorption of the exchangeable fraction into the free space should be energy-independent. Absorption of the exchangeable fraction would be expected to show an initial rapid uptake, after which the amount absorbed would remain constant with increasing absorption periods, while the total amount absorbed gradually increased. Thus, the percentage of exchangeable 2,4-D would gradually decrease. However, during the first 2 hr, the exchangeable 2,4-D is a constant fraction (40%) of the total herbicide absorbed (Fig. 1) 
